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OZET

Bu makalede Osmanlica Dokiimanlarin Modern Tirkceye Uctan Uca aktarim calismasi sunulmustur. Devlet
arsivleri, kiitiphaneleri ve 6zel koleksiyonlarda milyonlarca Osmanlica dokiiman bulunmaktadir. Bunlann Modern
Tirkceye elle aktarimi mimkiin degildir. Osmanlica.com adresinde kullanima acilan bu calismada Osmanlica
dokiimanlarin Modern Tirkceye 3 adimda aktarimi yapilmaktadir: (i) Osmanlica karakter tanima (OCR) (ii)
Osmanlica-Turkge Alfabe Cevrisi (iii) Osmanlica-Tiirkce Dil Cevirisi. Bildigimiz kadariyla, bu calisma Osmanlica-
Turkge aktarim siirecinin ti¢ adimini da ¢ozmeyi hedefleyen ilk ¢alismadir. Bu adimlarin her biri NLP ve Derin
Ogrenmede teknik ve bilimsel olarak karmasik ve kaynak gerektiren problemlerdir. Birinci adimda dokiiman
goriintileri OCR ile Osmanh alfabesinde diiz metine dénistiriliir. ikinci adimda Arap-tabanhi Osmanl
alfabesindeki bu metin bir alfabe gevrisi sistemiyle Latin-tabanli Turk alfabesine dénasturalir. Turk alfabesindeki
metin her ne kadar okunabilir olsa da ¢ok sayida Arapga ve Farsca kelime ve yapilar barindirdigi icin heniiz
anlastlabilir degildir. Ugiincii adim bu metin makine cevirisi ile Modern Tiirkgeye aktarihr. Birinci adimda
gelistirilen CRNN tabanli OCR modeli 21 sayfalik bir veri setinde test edilmis ve %96 karakter tanima dogruluk
orani Uretmistir. ikinci adimda gelistirilen alfabe cgeviri sistemi 7500 kelimelik bir veri setiyle test edilmis ve %98
kelime ceviri dogruluk orani Gretmistir. Uclincii adim igin kelime grubu tabanh bir makine ceviri sistemi gelistirilmis
ve testlerine baslanmistir. Bu ¢calismanin tarihi, sosyal ve kiiltirel bir ihtiyaca katki sagladigi icin énemli ve degerli
oldugunu disunidyoruz.

Anahtar Kelimeler: Osmanlica OCR, Osmanlica-Tiirkge alfabe gevirisi, Osmanlica-Tiirkge harfcevrim,
Osmanlica-Turkge dil cevirisi

Ottoman-Turkish End to End Conversion
ABSTRACT

In this paper, a study titled End-To-End Conversion Ottoman Documents to Contemporary Turkish is presented.
The state archives, libraries, and private collections contain millions of documents written in Ottoman. It is
practically impossible to convert all these documents to Modern Turkish manually. In this work which is available
at Osmanlica.com Ottoman documents are converted to Modern Turkish in three steps: (i) Ottoman OCR (Optical
Character Recognition), (ii) Ottoman-Turkish transliteration, and (iii) Ottoman-Turkish translation. To our
knowledge this is the only study to set out to solve all three steps of this conversion to date. Each one of these three
steps are technically complex and resource-demanding problems in NLP and deep learning. OCR converts image
files to editable text in Ottoman alphabet in the first step. Transliteration tranforms that Ottoman text in Arabic-
based Ottoman alphabet to the Latin-based Turkish alphabet making it readable but not yet understandable because
of Arabic and Persian words and structures in the second step. In the last step, this Ottoman text in Turkish alphabet
is translated to Modern Turkish via machine translation. The CRNN based on model developed in the first step
produced %96 OCR accuracy with a 21 pages test document set. The Ottoman-Turkish transliteration system
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developedyielded %08 accuracy with atest set of 7500 words inthe second step. The phase-based Ottoman-Turkish
mechine translation system developed in the third step is being tested presently. V\e believe that the contribution of
this study is significant because it addresses an important social, cultural and scientific problem

Keywords: Ottoman OCR, Ottoman-Turkish Transliteration, Ottoman-Turkish Translation

1 Giris

Osmanlica yaklasik olarak 13. ylizyildan 20. yizyila kadar Osmanli imparatorlugunda kullanilan bir yazi
dilidir [1]. Ginilimizde Latin (Roman) alfabesine gegis yapildigi ve kelimelerin ¢ogu kullanimdan
kalktigi icin Osmanlicayl hem okumak hem de anlamak gictiir. Milli klltirimUzin temelini olusturan
eserlerin blytk bir kismi Osmanlicada yazilmistir. Osmanli arsiv ve kittiphanelerindeki kitap, dergi,
gazete, defter, kayit ve belgeler yiizlerce yillik kilttr, sanat ve tarih mirasi iginde 6nemli bir yer tutar. Bu
kaynaklarda sakli bilgiye hizli, etkin ve dogru bir sekilde erisilmesi icin basta OCR olmak Uzere
teknolojinin yardimina ihtiyag vardir. TUBITAK destekli 0smanlicadan Ginimiz Tirkgesine Yapay
Zeka Destekli Ugtan Uca Aktarim Projesi bu amacla yapilan bir calismadir. Calismanin giktilari
Osmanlica.com sitesinden kullanicilara sunulmustur. Calisma Tablo 1’de gérlldugu gibi buttncdl bir
yaklasimla Osmanlica dokimanlarin 4 adimda bir ugtan diger uca yani dokimandan Tirkge metne
otomatik olarak cevrilmesi amaglanmaktadir:

1 Dokiiman-gériinti dontsimi (document-image conversion, digitization): Doklmanin tarayicl
veya fotograf makinasiyla taranip, sayisallastiriimasi ve ardindan JPG, PNG vb. goriintli dosya
formatina gevrilmesidir. Bu adim siradan bir islem oldugundan calismaya dahil degildir.

2. Gérunti-metin doéniisimi (image-text conversion, OCR): GOrunti dosyasinin goruntt isleme ve
makina 6grenmesi ile Osmanh Alfabesindeki Osmanlica metne (editable text) donlsturilmesi
islemidir.

3. Osmanlica-Tiirke Alfabe Déniisimi  (harfgevrim, machine transliteration): Osmanli
alfabesindeki Osmanlica metnin Turk alfabesine, yani Latin Harfli Modern Tirkge alfabesine
aktarimidr.

4. Osmanlica-Tiirkge Dil Cevirisi (intra-language machine translation): Turk alfabesindeki
Osmanlica metnin bilgisayarl geviriyle Modern yani gunumtiz Turkgesine gevirisidir. Ceviri
sonucu ortaya Turk Alfabesinde Modern Turkge metin cikar.

Tablo I 0Osmanlica-Tiirkge Uctan-Uca Aktarim Ornegi

Adim (girdi * islem A cikti) Cikti
1 Dokiman-gortintti donCisum:
. o 1 1. e —
Dokiman”  sayisallastirma~  gOrtintui dosyasl
2 Osmanlica OCR: GijEi 4iUj!
Goruntlidosyast » OCR”  Osmanlica (Arap alf)
3. Alfabe doniistim: insana sadakat yakisir gorse de ikrah

Osmenlica (Arap alf) » donisim” Osmanlica (Latin alf) Yardimcisidir dogrularin hazreti Allah

4. Dil gewvirisi: insana dogruluk yakisir gorse de kotulik
Osmanlica (Latinalf) A ceviri A Tirkee (Latinalf) Yardimcisidir dogrularin Hazreti Allah
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Bu makalede sunulan ¢alisma Osmanlica-Tiirkge aktarim problemini biitiin olarak ele alan kendi
tiriindeki 1lk ¢alisma olup Osmanlica OCR, alfabe ¢evirisi ve dil gevirisi olmak tizere ii¢ adimdan ve her
adim i¢in gelistirilen 3 ayn aragtan olusmaktadir. Osmanlica OCR i¢in akademik ¢alismalara [2] [3] ve
ticari ¢alismalara [4] [5] 6mek verilebilir. Calismamizda gelistirdigimiz Osmanlica OCR modeli, Google
Docs, Fine Reader, Tesseract Arapga ve Farsga, Miletos araglan ile karsilastirilmigtir [6]. Model %96
karakter tanima dogruluk oramiyla diger araglardan belirgin bir sekilde daha yiiksek bir performans
saglamistir. Kisith sayidaki Osmanlica-Turkge alfabe ¢evirisi ¢alismalarina [7] [8] [9] 6rnek verilebilir.
Calismamizda gelistirdigimiz alfabe ¢evirisi araciyla yapilan testlerde %98 dogruluk oranina ulagilmistir.
Osmanlica-Tirkge dil g¢evirisi alaninda yapilan ¢alismalara ise [10] 6rnek verilebilir. Calismamizda
gelistirdigimiz dil ¢eviri araci asagida Boliim 4'te 6zetlenmis olup testlerine devam edilmektedir.

Osmanlica-Turkge aktarimin her adimi karmagik ve gii¢ bir problem oldugundan 6nceki ¢aligmalar bu
adimlardan sadece birine veya belirli bir alt probleme yogunlasabilmis durumdadir. Literatiirde aktarim
stirecinin tamami {izerine yapilmis herhangi bir ¢alisma bulunmamaktadir. Osmanlica OCR iizerinde
yapilan ¢alismalarda yukarnida belirtildigi tizere ticari araglardan veya agik kodlu araglardan daha yiiksek
bir dogruluk oranina heniiz ulasamamistir. Osmanlica-Tiirkge alfabe gevirisi konusunda literatiirde birkag
¢alisma olsa da alfabe ¢evirisi OCR'dan daha gii¢ bir problem oldugundan heniiz ticari veya agik kodlu
bir gevin sistemi gelistirilememistir. Osmanlica-Turkge dil ¢evirisi konusunda ise yapilmis ¢alismalar
kiicitk metin kiimeleri tizerinde derin sinir aglariin egitilmesiyle tiretilen modeller ile sinirlt kalmis ve
Tirkge sondan eklemeli bir dil oldugundan testlerde heniiz tatmin edici seviyede bir sonug elde
edilememistir.

Makale su sekilde organize edilmistir: Boliim 2'de Osmanlica OCR, Boliim 3'te Osmanlica Tiirk¢e Alfabe
Cevirisi ve Boliim 4'te Osmanlica Tiirkge Dil Cevinsi kisaca sunulmustur. Sonuglar ve 6zet Boliim 5'te
verilmistir.

2  Osmanhca OCR

Osmanlica OCR bir resim dosyasinda saklanan goriintiideki karakterlerinin goriintii 1sleme ve makina
ogrenmesi teknikleri kullanilarak metne doniistiriilmesi islemidir [11]. Osmanlica OCR genellikle 5
adimda gergeklestirilir:

1. Gorintii on isleme (image preprocessing): Bu adim goérinti dosya formatinin ve goriintii
boyutunun normallestirilmesi, gerekliyse metin fontunun ve boyutunun belirlenmesi, gériintiiniin
filtrelenmesi, esikleme (tresholding), siyah-beyaza doniistiirme (binarization), giiriiltii temizleme
(noise reduction), goriintii zenginlestirme (image enhancement) vb. 6n islemlen igerir.

2. Goriintii boliimleme (image segmentation): Tanima isleminin yapilabilmesi igin goriintiiniin
taninacak birimlere boliimlenmesi gerekmektedir. Goriuntii 6ncelikle satirlara sonrasinda kelime
karakterlere boliimlenir.

3. Ozellik ¢ikarma (feature extraction): Tamma islemi bir siniflandirici modelle yapildigindan,
modeli egitmek i¢in kullanilacak 6zelliklerin bastan bir defa belirlenmesi gerekmektedir. Cok
katmanli CNN tabanli derin sinir aglannda o6zellik g¢ikarma model egitiminin iginde
gergeklesmektedir.

4. Tanmma (recognition, OCR): Taninmak istenen birimin (egri, karakter, karakter katan, kelime,
vb.) bir siniflandirici model kullanilarak taninmasi islemidir. Tanima i¢in CNN ve RNN sinir
aglanni birlestiren bir derin 6grenme modeli kullanilmigtir.

5. Diizenleme ve hata diizeltme (post processing & error correction). Tanima adimindan sonra OCR
¢iktisindaki karakterlerin normalizasyonu ve OCR’da taninmamis karakter veya kelimelerin
tahmini i¢in yapilan diizenleme ve hata diizeltme islemleridir.
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Osmanlica dokiimanlarda OCR calismasi Arapca ve Farsgaya gore daha zor bir problemdir. Osmanlica
OCR icin bu zorluklar ikiye ayirabiliriz. (i) dil bagimsiz ve (ii) dil bagimli zorluklar. OCR probleminde
dilden bagimsiz olarak basari oranini goriinttl ¢ozundrligu, gorinti kalitesi, yazi fontu, veri seti, sozlik
vb. bircok etken s6z konusudur. Dil-bagimli zorluklar arasinda Osmanlica alfabesindeki harflerin kavisli
olmasi, harflerin bitistirilmesi, harflerin konuma gore farkli sekillere sahip olmasi, harfler arasinda
benzerligin yuksek olmasi, harflerin yigilarak yazilabilmesi vb. durumlar s6z konusudur. Osmanlica OCR
icin gelistirilen sistemin ara ylzu Sekil 1’de verilmistir. Ara yiizde OCR yapilan dokiimanin resim ve
OCR c¢iktisi yan yana gosterilmektedir.

Harf Tanima (OCR) Alfabe Gevirisi Dil Cevirisi
Resim — Metin Arap Alfabesi — Latin Alfabesi Eski Turkce — Yeni Turkce

Osmanlica (Arap Alf.) Osmanlica (Latin Alf.) Tirkce

Kaydet Karsilastir Tamamlandi Resmi Gizle 0. 0. « 7

MiEhSiil;  Ajj -

G bbAji E)Iy*
PiVAjJIiV.fjIrbiP 4
J.. . Kij £ oy~ Try* 3
Vidf ¢ f J*} e tr»j- ur jl A VjlAfb>- 1iT A
. & Y41 « j—H*E.\ jf" alelS 4ij j 1a< 11j »ili 3jb <L Amjlp miju
'yjyr—!-l- a—|j:FJA| |ﬂk: — Nyt o 1k L T j s laAt
i alc A kiUpj' wb Ablp

Sekil 1 Osmanlica OCR arac

OCR isleminden 6nce dokiimandaki stsli kenarliklar, cerceveler, sekiller vb. kaldiriimasi gerekmektedir.
OCR'dan sonra elde edilen metin (izerinde metin normalizasyonu, bolttlenmis kelimelerin dizeltilmesi,
yazim hatalarinin diizeltme gibi islemleri uygulanarak hatalar diizeltilir. Tablo 2°’de OCR’daki tanima
hatalarina bir 6rnek verilmistir. Bu 6rnekte Osmanlica dokiimandan bir satir resim, referans yani dogru
metin (ground truth) ve OCR’da hesaplanan metin paralel olarak verilmistir. Islem satirinda | degisim, j
ekleme, t silme anlamina gelmektedir. Osmanlica resim OCR yapildiktan sonra noktalama isaretleri,
kelime arasi bosluklar, kelime ici bosluklar vb. hatalari normalize edilmesi gerekmektedir. Ozellikle
Osmanlica metinlerde bitismeyen harfler kelime ici bosluga (zero width non-joiner) sebep olur. Bundan
dolayr OCR ve alfabe gevirisi sirasinda kelime ici bosluk ile kelime arasi bosluk birbirine karistirildiginda
ortaya kelime bolitleme problemi cikar. Bu problem alfabe gevirisi sirasinda sikga karsilasilan bir
problemdir.

Tablo 22 OCR hata 6rnekleri

< (3" ¢ <3V] ¢ AT 33-5
i ALAILN 0§ L jub i<l -6NIIN
4 T 4
i AILAILA 0 i L jLb <MNJojAN- ¢ AxjE i~jib

3 Osmanlica-Turkce Alfabe Cevirisi

Alfabe cevirisi Osmanli alfabesindeki Osmanlica metnin Tirk alfabesine metni degistirmeden yani
birebir bilgisayarli ortografik alfabe cevirisidir. Burada her ne kadar birebir geviri terimi kullanilsa da,
Osmanlicada genellikle sadece sessizler ve uzun sesliler yazildigindan bilgisayarli alfabe cevirisi
karmasik bir islem olup bildigimiz kadariyla simdiye kadar kullanima agik web tabanl uygulamasi olan
sadece bir adet prototip calisma mevcuttur [3]. Osmanli ve Turk alfabesindeki sesli ve sessiz harfler
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arasinda ¢oktan ¢oga bir eslesme sz konusudur. Ayrica alfabe gevirisinin Tlrkcedeki imla ve gramer
kurallari uygun sekilde yapilmasi gerekmektedir. Turkcede uzun seslilere ek olarak kisa sesliler de
yazildigindan Osmanlica ve Turkge kelimeler arasinda da coktan ¢oga eslesme séz konusudur. Bu yiizden
alfabe cevirisinde yuzeysel yapibilimsel ¢ozimleme, yapibilimsel dretim, belirsizlik giderme,
seslendirme (vowelization) vb. islemlerin yapilmasi gerekmektedir.

Osmanlica alfabesi 28 harfli Arap alfabesinin genisletilmis bir cesididir. 4 tane okutucu harf
bulunmaktadir. Bu dort harf Tirkgedeki 8 Unlii sese karsilik gelmektedir. Tirkge alfabesi 29 harften
olusmaktadir. 8 tinlli ve 21 tnsiiz harften olusur.

Osmanlica-Turkge Alfabe Cevirisi (i) Ortografik Alfabe Cevirisi, (ii) Kelime Bolltleme (iii) Yazim
Diizeltme, (iv) Seslendirme, (v) Kelime tahmini ve (vi) isim Tamlamasi ve Birlesik kelimeler olmak iizere
kabaca alti asamadan gerceklestirilir. Gelistirilen alfabe gevirisi sistemi bir ornek ile Sekil 2’de
gosterilmistir.

Sekil 2: Osmanlica-Turkge alfabe geviri araci

Birinci asamada ortografik alfabe gevirisi asamasi olup bu asamada Osmanlica kelime gbvdelenerek
g6vdeler ve ek-katarlarina ayrilir. Sonrasinda Osmanlica gévdeler ve ek-katarlari govde ve katar geviri
sOzlkleri kullanilarak Tirkge govdeler ve ek- katarlarina ulasilir. Bir sonraki adimda Turkge govdeler
ve ek katarlari bitistirilerek Osmanlica kelimenin Turkge karsiligi elde edilir. Bu sekilde ¢dziimlenemeyen
bir kelime olursa, bu kelimeler bir sonraki asama olan kelime bolttleme asamasina aktarilir. Kelime
bolutleme aslinda kelime bitismesi (joined words) ve bolunmesi (segemented words) seklinde iki
problemden olusmaktadir. Kelime boltleme giderme algoritmasinda su an icin pratik sebeplerden dolay:
bir kelime bir dnceki kelime ile birlestirilerek ¢coziimlenmeye calisilir. EGer birlestirme sonucu gegerli bir
kelime olusursa, bu ¢tziim dogru kabul edilir. Eger gecerli bir kelime olusmazsa kelime bir sonraki asama
olan yazim diizeltmeye asamasina aktarilir. Bu asamada kelimede bir yazim hatasi oldugu kabul edilerek
yazim hatasi diizeltme (spelling correction) algoritmasi uygulanir. Yazim diizeltme islemi sonrasi elde
edilen kelime tekrar ¢cozumlenmeye calisilir. Cozimleme sonucu gegerli bir kelime elde edilirse bu ¢oziim
dogru kabul edilir. Eger kelime ¢ozimlenmezse, soz konusu kelime bir sonraki asama olan seslendirme
(vowelization/vocalization) asamasina aktarilir. Bu asamada kelimenin sozlikte bulunmayan bir kelime
(out of dictionary word) oldugu varsayimiyla kural tabanli bir harf cevirisi algoritmasi uygulanir. Bu
asamada her zaman birgok ¢ziim elde edilir. Fakat ¢ozimlerin dogrulanmasi mimkiin degildir. Cunku
uretilen kelimeler sozliikte bulunmayan yabanci bir kelime ya da 6zel bir isim olabilir. Osmanlica bir
kelimenin Turkgede birden fazla karsiligi olabildidi icin bir sonraki asamada n-grams (dil modeli)
kullanilarak ¢ozimler arasindan olasiligi en yiiksek olan kelime segilerek islem tamamlanir. Bir sonraki
asamada metindeki isim tamlamalari ve bilesik isimler igin gelistirilen algoritma ile isim tamlamalari ve
bilesik isimler Tirkgeye aktarilir ve boylece Tirkge metin olusturulur.
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Bu asamalarin bir 6rnek ile Tablo 3'de gosterilmistir. Tabloda birden fazla ¢ozum { } sembolleri arasinda
verilmistir. Kelime bolutleme asamasinda bolttlenmis (J? Jjajl okuya+cak) kelimesi dogru sekilde
¢Oztmlenmistir. Yazim dizeltme asamasinda 4§~ ~ haraye kelimesi 4~ ~ harabe seklinde
dizeltilmistir. Seslendirme asamasinda »jj*** A mamure dogru bicimde elde edilmistir. Osmanlica
kelimelerin Turkgede birden fazla okunusu soz konusu olabilmektedir: jj ~{bir, ber}, jVjl ~{6len, olan,
avlan} Bu durumda Tirkge karsiliklari n-grams ile dogru siraya koymak gerekmektedir: jj ~{bir, ber},
jVijl ~{olan, dlen, avlan} seklinde siralanmistir. Tamlama ve Birlesik kelime asamasinda AN
bilad islamiyye kelimesi bilad-1 islamiyye Seklinde dlzeltilmektedir.

Tablo 3: Osmanlica-Tiirkge alfabe cevirisi adimlari

Adim Sonug

Osmanlica metin 4% Ajjj jiNl Ajra o) == jj i JA
37 Ajjajl (i ~jS

Alfabe cevirisi mazide her {berri, beri, biri} {bir, ber} »jj** {midinlyet, medeniyet} {6len,
olan, avlan} bilad islamiyye {bugtn, bukiin} kasvet{enekyiz, engiz} birer
4~ halint {elmis,almis}. kuva tabiyeye meydan J? /jajl

Kelime bolttleme  mazide her {berri, beri, biri} {bir, ber} »jj*** {mudintyet, medeniyet} {6len,
olan, avlan} bilad islamiyye {bugin, bukiin} kasvet {enekyiz, engiz} birer
4§~ halini elmis, almis}. kuva tabiyeye meydan okuyacak

Yazimdiizeltme  mazide her {berri, beri, biri} {bir, ber} »jj*** {midinlyet, medeniyet} {Glen,
olan, avlan} bilad islamiyye {bugtin, bukiin} kasvet {enekyiz, engiz} birer
harabe halini {elmis, almis}. kuva tabiyeye meydan okuyacak

Seslendirme mazide her {berri, beri, biri} {bir, ber} mamure {mudinyet, medeniyet}
{olen, olan, avlan} bilad islamiyye {bugtin, biikiin} kasvet {enekyiz, engiz}
birer harabe halini {elmis, almig}. Kuva tabiyeye meydan okuyacak

n-grams mazide her {biri, berri, beri} {bir, ber} mamure { medeniyet, mudiniyet}
{olan, dlen, avlan} bilad islamiyye {bugtin, biikiin} kasvet {enekyiz, engiz}
birer harabe halini {elmis, almis}. Kuva tabiyeye meydan okuyacak

Tamlama & mazide her {berri, beri, biri} {bir, ber} mamure {mudintyet, medeniyet}
Birlesik kelimeler ~ {6len, olan, avlan} bilad -1 islamiyye {bugin, bukiin} kasvet {enekyiz, engiz}
birer harabe halini {elmis, almig}. Kuva-I tabiyeye meydan okuyacak

4 Osmanlica-Turkge Dil Cevirisi

Dil gevirisi Turk alfabesindeki Osmanlicametnin bilgisayarli geviriyle Modern yani gliniimuiz Turkgesine
cevirisidir. Ceviri sonucu ortaya Turk Alfabesinde Modern Tirkge metin ¢ikar. Dil cevirisi dogal dil
islemenin en 6nemli ve en zor problemlerinden bir tanesidir. Ama Osmanlica-Turkce geviri, ayni dilin
farkl ozellikler tastyan iki farkli zaman dilimindeki strtimleri arasi ceviri oldugundan farkh diller arasi
ceviriye gore daha basittir. Fakat bu ceviri s6z dadarcigl, sozdizim ve anlamsal anormalliklerden dolay!
yine de kolay bir problem degildir. Bu adimda kelime-grubu tabanli birebir geviri yaklasimiyla
ilerlenebilecedi gibi, derin égrenme kituphaneleri kullanilarak ctimle tabanl makina gevirisi yaklagimi
da kullanilabilir. Ceviri Oncesi (pre processing), sirasi ve sonrasinda (post processing) yuzeysel/tam
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yapibilimsel ve/veya sozdizimsel ¢ozumleme, Uretim, belirsizlik giderme, kelime anlami belirsizligi
giderme, varlik ismi tanima vb. islemlerin yapilmasi gerekmektedir.

Osmanlica - Turkge dil cevirisi igin kelime grubu tabanh basit bir geviri sistemi gelistirilmistir. Bu yontem
dil ici ceviri icin kullanilabilecek en basit yontemlerden bir tanesidir. Yontem kelime 6begi tabanli ve
mekanik olarak isleyen ve bir ciimleyi 6bek 6bek soldan saga dogru tarayarak Osmanlicadan Modern
Tirkgeye aktaran bir yontemdir. Bu yontemin basit olmasina karsin ¢ok karmasik olmayan ctimleler icin
etkin bir yontem oldugunu distinilyoruz ve elde edilen sonuglarin daha ileri yontemlerin gelistirilmesinde
ve performans analizinde birtemel (baseline) olarak ta kullanilabilecegi kanaatindeyiz. Osmanlica Tirkce
bir geviri 6rnegi Sekil 3’te verilmistir.

Dil ¢evirisi

Osmanlica — Turkce

OSMANLICA TURKGE
Buyukgamhca mine'l kadim seyir yeri olarak kabal olunmusdur. buytukcamhca eskiden beri seyir yeri olarak kabul olunmusdur
Yevm-i mahstsu Pazar gunleri idi. ozel glinii pazar gunleri idi
Seyirciler ibtida Camlica'ya giderler seyirciler ilkin camlicaya giderler
Tartk-i ilm fevka'l had pak 0 mazbat idi. ilim yolu haddinden fazla temiz 0 zaptedilmis idi

Sekil 3: Osmanlica-Tiirkge dil geviri araci

Problemin zorluguna dikkat cekmek amaciyla Osmanlica Tirkge dil gevirisinde bazi problem ve
zorluklan érnekleriyle asa§ida paylasiimistir. Bu 6rnekler hem veri setinin hem de geviri algoritmasinin
gelistirilmesi ve iyilestirilmesinde yonlendirici degere sahiptir.

1 vaziisi ayni kelimeler: Osmanlica ve Modern Turkcedeki ortak ve yaygin kelimeler ceviriye
sokulmadan dogrudan aktariimalidir. “bir” gibi Osmanlicada kuyu anlamina da gelen bazi kelimeler
yanlis geviriye sebep olabilmektedir.

2. Osmanlicada bazi metinlerde anlatim agdali ve karmasik oldugunda ceviri zorlasmaktadir. Asagidaki
ornekler bu ttr érneklerdir:

Makdle meséil-i hilafiyyeyi pa-bend-i ahmakén

Nige kil U kal ve bahs U cidale mieddi oldu.

Fenn-i kitabet U hesab U siyakate miiteallik muskil
Reca‘na mine’l-cinadi’l-asgar ile’l cihadi’l-ekber (Arapca)

3. Ayriyazilan ekler: Osmanlica ve Turkge bazi anlatim farkliliklari birebir ceviride ifade bozukluguna
sebep olabilmektedir. Ornegin Tiirkge gecmis zaman -dH eki Osmanlicada “idi” olarak ayri
yazilmaktadir. Ornegin ehl idi metniyetenekli idi yeringyetenekliydi diye gevrilmelidir.

4. Bitisik yazilan ekler: Normalde ayr yazilmasi gerekirken birlesik yazilan ekler sozlukte arama ve
eslestirme yapmayi gliclestirmektedir. Ornegin makdle meséil-i hilafiyyeyi pa-bend-i ahmaka
ifadesindeki hilafiyyeyi kelimesindeki -i ekinin hilafiyye-i seklinde ayri yazilmasi gerekmektedir.

5 Harfikilemesi: Turkge olmayan bazi kelimelerdeki harfikilemeleri Tirk alfabesine aktarilirken bazen

korunmakta bazen de tekillestirilerek yazilmaktadir. Ornegin hilafiyyeyi kelimesi hilafiyeyi seklinde
de yazilabilmektedir.

6. Kiguk buyiik harfayirimi: Osmanlicada kiicik blytk harf ayrimi olmadigindan 6zel isimlerin
bulunmasi ve cevriminde problem yasamaktadir. Ornegin selimiye Kelimesinin saglamiye diye
cevrilmesi yada murad rabfnin istek dort gibi gevrimi soz konusu olabilir.
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7. Coklu morfolojik ¢oziime sahip kelimeler: Bir kelimenin birden fazla morfolojik ¢6ziimii yani birden
fazla govdesi s6z konusu oldugunda su an i¢in kullandigimiz en uzun gévde en kisa ek katar: yontemi
morfolojide yetersiz kalmaktadir. Omegin Osmanlica al kelimesi almak ya da aile olarak Tiirkgeye
aktarilabilir. Burada dogru karsilig1 bulmak i¢in ¢eviri sonrasi dil modelleri (n-grams) kullanilarak
dogru ¢6ziime ulasilabilir. Benzer 6mekler:

o sehr — sehir (isim), ay (isim)
O bak — bak (fuil), korku (isim)
O azm — gayret (i1sim), kemik (isim)

8. Coklu yiizeye sahip kelimeler: Osmanlicadaki bir¢ok kelimenin birden fazla imlasi (yazim sekli,
yizey, surface) olmasi sézligin hazirlanmasini ve g¢eviriyi giiglestirmektedir. Kelimelerin farkli
yuzeylerinin sézliige islenmesi ya da sozlikkte arama yaparken kelime benzerligi tizerinde arama
yapmak gerekebilir. Omegin yukarida azm kelimesinin azim olarak elh kelimesinin elih olarak
yazimlan daha yaygin kullanilmaktadir. Osmanlicanin Tirk alfabesiyle yaziminda ayinicr ya da
diizeltme isaretleri denen diakritiklerin metinde dogru ve standart bir sekilde kullanimi geviride ¢ok
onemlidir. Reca ‘'nd mine l-cihddi’l-asgar ile’lcihddi’l-ekber émeginde oldugu gibi kesme isareti
(apostrof), kisa ¢izgi (tire) ve sapka gibi isaretler metin 6n islemesi ve normalizasyonunda ve sozlitk
gelistirmede dikkat edilmesi gereken konulardir. Omegin bii kelimesinin Tirkgedeki karsihgi koku
kelimesidir. Ceviri uygulamasina verilen bir metinde bu kelimenin sapkasiz yazilmasi durumunda
Tiirkgeye isaret sifat1 ya da zamin olarak yanlis ¢evrilmesi s6z konusu olacaktir.

9. Farkli dilden alintilar: Metin igerisinde Ozellikle Arapga ve Farsga alintilar Osmanlica ile
karnistinlabilmekte ve Osmanlica zannedilebilmektedir. Reca ‘nd mine ’l-cihddi’l-asgar ile 'l cihddi I
ekber omeginde oldugu gibi Arapg¢a, Fars¢a ve Osmanlica ¢ok sayida ortak kelimeye sahip oldugu
i¢in yabanci dildeki alintilart ana metinden ayirt etmek igin yapilacak bir dil tanima (language
detection/recognition) islemi zorlagmaktadir. Bu 6rekteki metin tamamen Arap¢a olmasina ragmen
cihad, ekber ve asgar kelimeleri ayn1 zamanda Osmanlica kelimelerdir.

S Sonuclar

Bu ¢alismada Osmanlica dokiimanlann OCR, alfabe gevirisi ve dil ¢evirisi olmak iizere bir ugtan diger
uca yani Osmanlica dokiimandan Modemn Tirk¢e metne ii¢ adimda otomatik olarak ¢evrilmesi
amaglanmaktadir. OCR ile Osmanlica dokiimanlarin goriintii dosyalan diizenlenebilir metine
donastirilmekte, alfabe ¢evirisiyle Osmanlica metin Arap-tabanli Osmanli alfabesinden Latin-tabanli
Tirk alfabesine aktarnilmakta ve dil gevirisiyle Tiirk alfabesindeki Osmanlica metin Modern Tiirkgeye
cevrilmektedir.

Caligsmanin birinci amaci Osmanlicadan Tiirkgeye aktanm siirecini tiim yonleriyle ortaya koymak ve bu
siirecte karsilagilan problemlerin tanimlayip onlara yonelik olasi ¢éziimleri yakindan incelemektir.
Calismanin ikinci amaci aktarimin her ii¢ adimina yonelik ¢evrimigi araglar gelistirmek, bu araglan
benzer bilimsel ve ticari araglarla karsilastirarak test etmek ve sonrasinda kullanima agmaktir. Calismanin
uciincii amaci gelecege yonelik bir hedeftir. Gelecekte her adim i¢in ayn ayn gelistirilen araglann bir
arada daha etkin ¢aligabilmesi ve aktarim siirecinin toplam performansinin iyilestirilmesine yoénelik
calismalar yapilacaktir. Derin sinir aglan biyiikk veri setleri egitilerek daha 6nce ¢6ziimii zor olan
problemlere yénelik basarili ¢alismalar yapilabilmektedir. Omegin bir adimda elde edilen veriler bir
onceki adima geri beslenerek o adimin iyilestirilmesi s6z konusu olabilmektedir. Ya da ardisik iki adim
birlestirilerek bir arada ¢oziimlenebilecektir. Omegin ORC adimi atlanarak -diger bir deyisle bir sonraki
adimla birlestirilerek- dokiiman goriintiisiinden dogrudan Tiirk alfabesine doniisiim yapilabilir. Veya
alfabe gevirisi atlanarak, Osmanlica metinden giniimiiz Tiirk¢esine dogrudan ¢eviri yapilabilir. Hatta
Osmanlica dokiiman goriintiisiinden giiniimiiz Tiirkgesine direkt ¢eviri s6z konusu olabilir.
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Osmanlica dokiimanlann Modern Tiirk¢eye aktarimi toplumumuzun teknoloji ile ¢6zilmesi gereken
o6nemli kiltiirel ve bilimsel problemlen arasinda yer almaktadir. Bilimsel veya ticari, simdiye kadar
yapilan ¢alismalarda gelistirilen OCR araglari sayica az olup elde edilen dogruluk oranlan diisiik oldugu
i¢in ihtiyaca cevap verecek durumda degildir. Uzerinde en ¢ok ve en uzun siire ¢alisilan problemlerden
biri olan Osmanlica OCR konusunda gelistirilen araglar, Abby FineRader veya Google Docs gibi kapali
kodlu ticari OCR araglannin veya Tesseract gibi agik kodlu iiriinlerin performansinin altinda kalmaktadir.
Bu ¢alismada gelistirdigimiz OCR aract hem Google Docs hem FineReader hem de Tesseract'tan daha
yitksek dogruluk orani (%96) vermektedir.

Osmanlica-Turkge alfabe ¢evirisi konusu simdiye kadar daha ¢ok dilcilerin ilgilendigi bir problem olarak
kalmissa da son zamanlarda dogal dil ve makine 6grenmesi konularindaki gelismelere paralel olarak bu
konuya yonelik bir elin parmaklan kadar az sayida ¢alisma yapilmistir. Bu ¢alismalarda kullanima agik
tek arag bizim gelistirdigimiz alfabe ¢evirisi aracidir. Yapilan testlerde bu aracin dogruluk orani %98
olarak belirlenmistir.

Osmanlica-Modem Tiirkge dil gevirisi konusunda ise ¢ok daha az sayida galigma yapilmis olup bizim
gelistirdigimiz ara¢ hari¢ heniiz ortaya elle tutulur bir model ya da arag gelistirilememistir. Oysa bati
dillerinde ¢eviri konusunda basarili bir¢ok ¢alisma mevcut olup giinliikk hayata girmis araglar ortaya
cikmuigtir.

6 Beyanname
6.1 Calisma Simirlamalari

Yazarlar, bu ¢alismada arastirma sonucunu énemli 6lgiide etkileyebilecek herhangi bir sinirlama ile
karsilasmadigini beyan eder.

6.2  Tesekkiir

Yazarlar, bu ¢alismanin kalitesini artiran yapici oneriler i¢in anonim hakemlere tesekkiirlerini sunar.
6.3 Finansman Kayna

Yazar(lar) herhangi bir fon kaynagi beyan etmemistir.

6.4 Rakip Cikarlar

Bu ¢alismada herhangi bir ¢ikar ¢atismasi yoktur.

6.5 Yazarlarin Katkilar:

Sorumlu Yazar; ishak DOLEK: Makaledeki galismay bir doktora tezi olarak yapmak, sunulan araglara
ait algoritmalar1 ve 6mekleri hazirlamak, yorumlamak ve anlatmak, gelistirilen araglarn ara yiizlerini
sunmak, test sonuglarni paylagsmak, makalenin temel ¢atisini olusturup Giris ve Sonuglar bolimi harig
makaleyi yazmak.

2. Atakan KURT: Makalede sunulan doktora tezini yonetmek, Giris ve Sonuglar béliimlerini yazmak,
makalenin tamamu iizerinde yorum, diizenleme ve diizeltmeler yapmak.

7  insanve Hayvanlarla ilgili Calisma

Bu tiir bir ¢aligma i¢in resmi onay gerekli degildir
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7.1 Etik Onay

Bu c¢alisma bir masa basi incelemesi icerdiginden, yazarlar tim proseddrlerin ilgili kurumsal komitelerin
etik standartlarina uygun oldugunu iddia etmektedir. Bu tur bir ¢calisma igin resmi onay gerekli degildir.

7.2 Bilgilendirilmis Onay

CGalismaya dahil edilen tiim bireysel katilimcilardan bilgilendirilmis onam alinmistir
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ABSTRACT

This study aims to investigate the temperature effects on silicide coating formed by pack siliconizing
method on Ti6AI4V substrate. Pack siliconizing process was conducted out for 2h at 1000°C, 1100°C,
1200°C, in vacuum atmosphere, by using Si as Si source, AEO3 powder as filler and NH4Cl as an
activator. The presence of the formed phases such as TisSi3, TiSi, TiSi2 on coating, and non-
stoichiometric Al203 compound from the pack mixture was actualized by X-ray diffraction analysis
(XRD). It was observed that the silicide coating on Ti6Al4V substrate is compact, dense and the
coating thickness varies between 10.5-30.4 pm depending on the treatment temperature. The
morphological features of the coating and dispersion of the elements in the silicide layer was
examined by using electron microscope (SEM) and elemental analysis (EDS). Hardness of silicide
layer measured by Vickers method and determined that the hardness ranges between 1170 Hvo,025 to
1450 HV 0025 .

Keywords: Pack cementation, surface modification, silicide coating, intermetallic coating.
1 Introduction

Inthe last century, pure titanium and its alloys have been attracting both industrial and academic attention
due to its superior properties such as good strength weight ratio, high ductility, good biocompatibility,
high corrosion resistance [1]. While pure titanium can easily match desired design properties for low
strength applications , for higher strength applications and more severe conditions, titanium alloys can
perform better [2]. Accordingly, major titanium alloys such as Ti6Al4V, Ti-5Al-2.5Sn, Ti8AI-1Mo-1V,
Ti6Al-2Sn-4Zr-2Mo, Ti6Al-2Sn-4Zr-Mo, Ti-8Mo-8V-2Fe-3Al have been used in higher technology
applications in aerospace, biomedical, automotive industry. Even tough, titanium alloys exhibits
challenging corrosion resistance until 550°C in engineering applications, due to Ti02 formation then
surface would be prone to hot corrosion failure [3]. Therefore, material scientists have focused on surface
modifications in order to improve both hot corrosion resistance and wear resistance. Many surface
modifications such as CVD, PVD, thermal spray coatings, ion implantation, pack cementation method
developed to answer this need [4-7]. Among these methods, pack cementation is known to be one ofthe
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most economic and capable of producing smooth and uniform final surface properties.

The most common pack cementation applications are aluminizing, chromizing, siliconizing in which
source of coating material is aluminum, chrome, silicon respectively. These pack cementation methods
are mainly used in aerospace and automotive engines as hot oxidation and wear resistant coatings.
Comparing to the other coatings, which are used in hot engine sections of aerospace and automotive
systems, such as thermal barrier coatings and CVD coatings, pack cementation methods appear to be one
ofthe most cost-effective solutions for serial production. On the other hand, processs flow is much more
easy and doable than other refractory coatings, even tough some scientists call pack cementation method
as in-situ CVD due to its similarity in the process [6]. In previous papers, it can be noticed that mainly
the focus has been on pack aluminizing and chromizing rather than siliconizing [8,9]. Nevertheless, in
some aspects, pack siliconizing is more promising application for high temperature environments where
the substrate can be exposed to high temperature oxidation and wear. Since coating would made of hard
and stable intermetallic titanium silicides such as TisSi3, TiSi., TiSI, it can bear excessive temperatures
up to 2000°C without substrate being effected by heat [10]. These properties may aid titanium to be used
in applications that normally it cannot be used by its own nature. Authors aim to contribute to the
literature by applying pack siliconizing on Ti6AI4V alloy in optimum process period of 2 hours for
different temperatures of 1000°C, 1100°C and 1200°C in order to understand the formation morphology,
temperature-time correlation on layer growth and the mechanical properties.

2 Experimental Procedure

Ti6Al4V plates to be coated, were cut into 20x20x2 mm square shape. Since titanium is very active metal,
substrate plate surfaces have been grinded with 120, 240, 320, 600, 800, 1000, 1200 grit sand paper before
pack process in order to remove either oxides or impurities on surface.

Pack has been prepeared with the stoichiometrically arranged powder mixtures of NaH.Cl as activator,
pure silicon as silicon source and Alzos as reactive. Surface grinded samples were embedded into the pack
mixture inan alumina crucible and covered with graphite to prevent oxygen diffusion to systemas shown
in Figure 1

Pack siliconizing process was performed in vacuum atmospheric furnace with argon gas to prevent
oxidation at the temperatures of 1000, 1100 and 1200°C for 2 hours and cooled in the furnace till to room
temperature. After siliconizing process cross-sections of surface coated samples were prepared
metallographically for microstructural studies.

Graphite
Silicon
NaH4Cl
AI203

Figure 1 Schematic illustration of pack mixture for pack siliconizing process of Ti6AI4V

Microstructure examination of siliconized Ti6Al4V specimens were performed by JOEL JSM-5600
model scanning electron microscope (SEM). Microhardness tests were conducted out by EMCOTEST
DUROSCAN-70 to understand mechanical properties of the Silicide layers (Vickers Hv0.025). The
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dominant phases, formed on the coating were identified by Rigaku X-ray diffractometer using CuKa
radiation with 1,54056 A° wave length and 2 0 angle selected between 20° and 90°.

3 Results and Discussion

According to SEM examination given in Figure 2, it can be clearly noticed that formed coating surface
has smooth morphology. In section-cut samples siliconized at 1000 and 1100°C there are mainly four
obvious layers (Fig.2a, b). Based on XRD analysis, these layers are TiSi, TiSi., TisSis phases and the
matrix (Fig. 3). On the other hand, EDS analysis revealed that Si concentration is more intense in outer
layer than inner layers, shows that the first formed layer is TiSi. and turned into TiSi and TisSi: with
increasing treatment temperature (Fig. 4).
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Figure 2. SEM morphologies of Ti6A14V alloy pack siliconized at a) 1000°C, b) 1100°C and c)
1200°C for 2 hours.

The reactions in the pack are basically so similar to CVD coating processes. Primarily, the reactions
begin with the dissociation ofthe activator NH4CI into NH: and HCI in temperatures more than 340°C
(1). Secondly, HCI reacts with Si to form gaseous SICU (2). As gaseous SiCl4 contacts titanium
substrate, the reaction between Ti and SiCl4 leads into atomic Si formation in order to further solid
state diffusion occurs on surface so that TiSi intermetallic multilayer coating forms (3) [11].

NH: CI(s)=NH: (g)+HCI(g) @
AHCI+SI=SiCU(g)+2H2 )
Ti+2SiCl4+4H2=TiSi2+8HCI €)

The coatings morphology is smooth and consist of multilayers as well as small amount of micro voids
can be observed. The main reason why these voids form is that actually Kirkendall effect applies to the
coating. Due to the difference of the mobility rates in diffusion couples such as aluminum-titanium in
substrate matrix and silicon-titanium in coating, Kirkendall voids are likely to form in the system as in
the process, silicon atoms move inwards meanwhile titanium atoms move outwards to form diffusion
coating [12].
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c)

Figure 3. XRD analysis of TI6A14V alloy pack siliconized at a) 1000°C, b) 1100°C and c) 1200°C for
2 hours.

As known from the previous works, thermochemical coatings such as chromizing, aluminizing,
siliconizing etc. the layer composition and growth behaviours can be affected from both the substrate
compositions and pack composition [13]. Since the siliconizing process driven by solid state diffusion,
in order to understand the growth behaviour, it is highly important to understand the diffusion
phenomena [14]. In diffusion coatings usually Arhenius equation applies and coating growth expected
to be parabolic as function oftime and temperature. It is highly mentioned that as temperature and time
raises, the coating would be thicker. The equation is:

L2 = KPxt

where L is layer thickness, KP is parabolic rate constant and t is siliconizing time [15].
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Figure 4. SEM- EDS analysis of Ti6A14V alloy pack siliconized at a) 1000°C, b) 1100°C and ¢)

1200°C for 2 hours.

The coating thicknesses respectively measured through SEM and were obtained 10.5, 27.45, 30.4 jm
as result and given in the Figure 5. As temperature raised, the thicker coating layer has been obtained.
It is seen that increasing temperature made the diffusion easer and the coating layer has grown
parabolically similar to study done by Cotell et al [16].
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Figure 5. Variation of coating layer thickness of pack siliconized Ti6Al4V alloy versus treatment
temperature.

By taking low silicon solubility in o-titanium into consideration, it can be revealed that B-titanium and
silicon deposit, initiates a solid state reaction. Primarily, silicon diffuses into the substrate until it
reaches to the critical point where titanium rich Ti3Si silicide begins to precipitate in Ti/Si interface
near to substrate [ 17]. The solid-state reactions between substrate and silicon transforms into multilayer
compact coating consist of various TixSiy phases. Also, in another word, titanium has rather low
mobility so that the first layer of the coating expectedly becomes titanium rich layer consist of
equilibrium TisSi3 or Ti,Si phases and then silicon rich phases such as TiSi, TiSi> will be formed
according to TiSi phase diagram.

The obtained results indicate that the diffusion through the TisSi; phase detected by XRD nevertheless
some other titanium silicides are expected to present, but since their volume fractions are smaller than
the detection limit of XRD, they could not be detected.

Above mentioned all diffusion-based reactions continues until all silicon source is ran out in the system.
It can be also noted that in greater temperatures the number of layers significantly reduces.[18] The
authors thinks that the underlying reason of this case is that the more temperature leads into the more
interdiffusion between each layer.

The intermetallic multilayer coating mainly consist of TisSis, Ti,Si1, TiSi, TiSi; phases is relatively
almost 4 times harder than substrate Ti6Al4V material. While the substrate hardness was tested around
420 HVo 25 the coating layer could reach up to 1450 HV, s . Hard coating layer exhibits hardness
similar to TiN layers and it is highly wear resistant by its structure. It is also important to point it out
that, coatings of the greater pack siliconizing temperatures, the harder both coating and substrate
material became.
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Figure 6. Microhardness distribution of silicide layer formed on Ti6Al4V alloy surface versus distance
from the surface for 1000°C, 1100°C, 1200°C
4 Conclusions
In the present study following conclusions can be made:
1. The intermetallic compact silicide layers formed on Ti6Al4V are almost uniform and smooth.
2. There is a good bonding between the coating layers with the substrate material without any debonding.
3. The thickness of coating layer ranged from 10.5 to 30.4um with increasing process temperature.

4. The coating layers confirmed by XRD and SEM analysis consists of multi phases such as Ti5Sis, Ti,Si
TiSi and TiSis.

5. It was founded that the coating hardness increases for the coatings formed in higher temperatures and
the hardness values ranges between 1170 Hvg s to 1450 HV o025

6. It is concluded that process is highly depended on temperature. The coating layer grows almost
parabolic and Arhenius law applied.
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ABSTRACT

Piezoelectric Zirconate Titanate (PZT) is a material that has many applications. One of its
application is in piezoelectric (PE) fans. PZT material that acts as an actuator, by sticking to the
surface of a beam or plate-like structural element, or by embedding in it a sandwich blade is
obtained. The blade in the shape of a beam or plate is exposed to vibration by applying AC voltage
to the PZT actuator. The blade that is exposed to vibration ensures the removal of hot ambient air.
In recent years, PE fans have been used in technologically sensitive areas for heat transfer due to
some important advantages. Therefore, literature survey shows that there are many studies about
fans with PE actuators. In this review paper the historical background and the research areas of
studies on PE fans are explained in detail to readers. Studies on the electro-mechanical properties
and components of PE fans are described in detail. In addition, innovative analytical, numerical and
experimental studies on PE fans in the open literature were investigated. Finally, the visual
representations of the physical and experimental models used in the studies are summarized in a
table. According to literature survey, it is clear that studies on PE fans have only recently begun and
are gradually advancing. In particular, analytical modeling and fan blade solving methods, vibration
control, blade-actuator optimization for optimum energy performance with minimum energy,
experimental setups to accurately measure blade velocity and performance, the types of used PZT
materials are the most popular research topics.

Keywords: Piezoelectric fans, vibrating cantilevers, heat transfer enhancement

1 Introduction

The piezoelectric effect is a linear-electromechanical reaction between electrical and mechanical
conditions in insulating materials and crystals that do not have a central symmetry [1-2]. Piezoelectricity
isthe conversion of mechanical energy into electrical energy or electrical energy into mechanical energy
[3]. In recent years, the reverse piezoelectric effect has attracted the attention of researchers with the
development of microelectromechanical systems [4]. One of the important elements based on
piezoelectric crystal is fans [5]. PE fans were preferred as a low-consumption tool in various industries
to increase convective heat transfer [6]. PE fan with ease of operation, compact size, low noise emission,
and low energy consumption, has recently become one ofthe preferred methods to increase heat transfer
performance [7]. Fans based on PZT material are supported by various flexible blades. Applying an
electric field to PZT crystal surfaces causes deformation and irregularity on its surface [8]. The
piezoelectric actuator is placed on the blade with its sides clamped. Thus, horizontal expansion is
converted to vertical displacement by clamping the sides ofthe piezoelectric actuator [9]. An alternative
input signal in the piezoelectric element causes vibrations along the beam and can be used to induce
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fluid flow around this element and improve heat transfer. It is worth mentioning that the vibration
performances of piczoelectric actuators are directly correlated with the applied amplitude and frequency.
In addition, the miniaturization of PE fans has attracted the attention of researchers in recent years [10].
In this study, innovative studies on PE fans were presented. The purpose of this study was to enable
researchers interested in PE fans to investigate this issue transparently. The paper is organized as
follows. The factors affecting the working principles of PE fans and the innovations presented in the
open literature are provided in Sections 2 and 3. Finally, the concluding remarks are reviewed in Section
4,

2 PE Fan Parameters and Characteristics

This section has been prepared to better understand the work done so far and to follow the PE fan
development processes more easily. Therefore, the components and characteristic parameters of the PE
fan are fully described in this section. In addition, different methods used in fan design and their
advantages and disadvantages were explained based on the information available in the open literature.

2.1 The Effects of Mechanical Factors on The PE Fans Performance

In this section, the mechanical factors examined in the open literature are discussed. Thus, innovative
studies in the open literature were covered in detail (see Figure 1) and the interactions of each component
in the performance of PE fans are examined. For example, Liu et al. (2009) investigated parameters such
as the distance of the PE fan to the heat source and the vertical or horizontal fan arrangement. It has
been determined that the heat transfer performance in the horizontal fan arrangement is not less than the
vertical arrangement [11]. Abdullah et al. (2009) investigated the effect of PE fan position on the heat
transfer coefficient. This study was investigated by analytical and experimental methods. Consequently,
it was observed that the height of the PE fan can reduce the surface temperature of the heat source to
68.9 °C [12]. Abdullah et al. (2012) investigated the effects of gap type and PE fan vibration amplitude
on heat transfer. In this study, the effect of the piezoelectric actuator on the temperature distribution in
two- and four-blade heatsink configurations was investigated. Finally, it has been presented that the
four-bladed piezoelectric based cooler exhibits high performance [13]. Lin (2012) studied the fluid
behaviour in the PE fan using analytical and experimental methods. Moreover, heat transfer was
investigated in horizontal and vertical coordinates. It was concluded that the heat transfer coefficient
improves 1.6-3.4 times when the heat source is in the vertical position and 1.8-3.6 times when it is in
the horizontal position [14]. Huang et al. (2012) developed a three-dimensional computational model to
increase the performance of PE fans. Thus, Levenberg—Marquardt Method (LMM) and CFD-ACE+
codes were used to calculate the minimum level of temperature. In addition, displacement was measured
experimentally with an infrared thermal scanner. Consequently, it was noted that the optimal position
of the proposed PE fan occurs at a position approximately 3.5 mm below the centre point of the fin plate
[15]. Macet al. (2013) developed a multi-fan cooling system working with PZT and magnetic forces. In
addition, the distance between the fans and the heatsink and the effects of power consumption were
investigated. Consequently, the temperature was reduced to 17 °C at 0.03 W power consumption under
desired conditions [16]. Shyu and Syu (2014) designed a four-bladed PE fan and studied heat transfer
by experimental and analytical methods. As a result, during the heat transfer enhancement between the
two blade arrays of the aluminium based fan, the fans drove the airflow with a moderate Reynolds
number [17]. Lin et al. (2016) proposed a five-blade PE fan based on PVC or PET. As a result, it was
found that a wider blade had a greater velocity, so a narrowed blade was better for heat sources than a
different rectangular shape [18]. Hales and Jiang (2018) designed a piezoelectric based multiple fan
array for alternative thermal management systems. In this study, the effects of electrical factors on the
performance of the PE fan were investigated. Eventually, it has been obtained that there is a linear
correlation between frequency, amplitude and air flow rate [19].

Huang et al. (2021) investigated the heat transfer rate numerically and experimentally with the synthetic
jet impingement method on a single fin configuration. Consequently, a linear correlation between fin
array and cooling performance was obtained. Finally, horizontal fan arrangement has been found to
provide better cooling [20].
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Figure 1: Structure configuration examples of PE fans
2.2  The Effects of Electrical Factors on The PE Fans Performance

In this section, the effects of electrical parameters on the performance of PE fans were investigated.
There are many studies examining electrical parameters in the open literature (see Figure 1). For
example, Yorinaga et al. (1985) studied the performance of the PE fan at different amplitudes. In this
study, the air movement around the blade profile was investigated by the Schlieren method. The sound
level of the PE fan was compared with that of the motor fan, which had the same airflow performance,
Thus, it was concluded that the PE fan operates 3 dB (A) quieter than the conventional motor fan [21].
Wait et al. (2007) analysed the performance of PE fans operating in high resonance modes analytically
and experimentally. An impedance analyser was used in the experimental measurements to determine
the resonant frequencies. The effect of the resonance mode on the flow profile was presented with the
visualization technique. Consequently, it is stated that the number of modes has linear and non-linear
correlations with power consumption and flow rate, respectively [22]. Ma et al. (2015) preferred a
system with two PE fans to make the heat transfer process expeditious. Thus, continuous and high heat
flux at lower amplitudes was obtained [23]. Chen et al. (2020) analysed the heat transfer performance
ofthe proposed PE fan analytically. In this study, the working principle and performance of PE fan with
Structure Boundary Detection Algorithm and Fast Fourier Transform Algorithm were investigated. In
addition, the heat transfer performance of the PE fan with temperature-sensitive paint was
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experimentally measured. Consequently, there was a 46% improvement in the performance of the
proposed novel PE fan at 43 Hz [24].

3 Taxonomy of Previous Studies

There are many studies on this subject in the literature. In this section, the working principles and
investigation methods of PE fans are examined in detail.

3.1 Analytical Modelling of PE Fans

This section contains innovative studies that analytically analyse the performance of PE fans. The
purpose of this section is to examine the mathematical expressions used in analytical studies. There are
many studies available in the open literature (see Figure 2). For example, Yao and Uchino (2001) studied
the damping effect on mechanical wobbling. In addition, the effects on vibration were investigated by
adding mass to the end of the plate. Consequently, magnitude deflections were obtained at low
frequencies [25]. Lin (2013) used the visualization technique to study the behaviour of the fluid flow
around the fan tip and cylindrical surface. In addition, three-dimensional simulations are carried out to
investigate the detailed properties of the heat and fluid flow fields produced by the PE fan. Finally, the
experimental results confirm the results obtained by the numerical method [26]. Li et al. (2018) proposed
a dual PE fan to increase convective heat transfer performance. In addition, the effects of electrical
factors on heat transfer were covered. It was observed that single and dual fans produce very close heat
transfer coefficients [27]. Hu et al. (2020) analytically analysed the effects of a PE fan array in a solar
air heater. Two different downstream configurations were tested, including counter flow and
downstream. The results showed that the PE fan as a vortex generator can effectively increase the local
and average Nusselt number [28]. Qing et al. (2020) designed a new air cooling system for a control
box. The Flotherm special thermal modelling method was used for the simulation of this system [29].
Ding et al. (2020) analysed the horizontal cooling performance of a heated wall from PE fans. In this
study, dynamic mesh technology is used to make analytical simulations of the air flow and heat transfer
properties of the PE fan [30].

3.2 Numerical Modelling of PE Fans

Numerical analysis deals with the formulation, study and application of approximate computational
methods to solve these problems of continuous mathematics (as opposed to discrete mathematics) which
cannot be solved by analytical and precise methods. Innovative numerical studies on PE fans are covered
in this section to examine in more detail (see Figure 2). For example, Lin (2013) simulated the heat and
flow behavior around a cylindrical structure in FLUENT 3D. In conclusion, this study examined the
effects of the separation distance between the fan tip and the heated surface and the amplitude of the fan
tip for the cylindrical heated surface [31]. Jiahong et al. (2021) investigated the eddy change and heat
transfer of the PE vibrating cantilever in liquid-cooled channels. Consequently, it was obtained that the
liquid density was inversely correlated with the vortex shedding strengt and the radius of the core [32].

3.3 Experimental Analysis of PE Fans

In the open literature, there are many studies that experimentally examine the working principles and
performances of PE fans (see Figure 2). In this section, studies with striking innovations are included.
For example, Schmidt (1994) experimentally investigated the performance of the proposed novel PE
fan. experiments were carried out using naphthalene sublimation technique with certain boundary
conditions. Finally, an equivalent jet Reynolds number is presented, which will provide the same
surface-averaged Sherwood number as that obtained with the PE fan, in comparison of the present
experimental results with the jet impingement flow [33]. Acikalin et al. (2004) proposed a PE fan for
the cooling of portable electronic devices [34].
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Figure 2: Studies on PE fan technology

Agcikalin et al. (2007) analysed the potential of using PE fans in the thermal management of electronic
components analytically and experimentally. The Design of Experiments (DOE) approach was used for
experimental design. As a result, a 375% increase in the convective heat transfer coefficient was
achieved, resulting in atemperature drop of more than 36.4% at the heat source [35]. Gilson et al. (2012)
prepared two different experimental setups for fluid flow characterization and the thermal enhancement
capabilities. Consequently, it has been obtained that the Fin Side Walls (FSW) fan is not as efficient as
the Fin Base (FB) in cooling [36]. Jeng and Liu (2015) experimentally investigated the effect ofthe air
flow in the blade and the heat-collecting receiver on the heat transfer [37]. Li et al. (2017) studied the
convective heat transfer output of cross-flow around the vibration envelope of a PE fan. As a result, it
was observed that the combined performance of fan-induced heat transfers and fan vibration envelope
improves the convective heat transfer that occurs near the fan vibration envelope [38]. Qiu et al. (2020)
investigated the local heat transfer enhancement caused by a PE fan interacting with axial flow in the
heated channel. The experimental result showed that the heat transfer performance ofthe heated surfaces
is greatly enhanced by a vibrating PE fan. In the simulations, the spring-based smoothing method and
the local remeshing technigque were used to solve the moving boundary problems. Finally, the numerical
result shows that the increase in heat transfer is obtained from the vortex pairs generated by the PE fan,
which significantly enhances the heat exchange between the main flow and the near-wall flow [39].
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4 Conclusions

In this study, researches on PE fans in the open literature were investigated in detail. Analytical,
numerical, and experimental methods were used in the studies. Three-dimensional computational
models have been developed. Almost all studies have shown that PE fans have high performance in the
field of heat transfer. Low energy consumption, controllability, design and fabrication facility, compact
and small size, safe and long life can be considered as the most important advantages of PE fans.
Ultrasonic high-frequency noise is identified as its most important disadvantage. There is a wide
selection of materials for PE fans and actuator blades. The width of the blade and PE actuator increases
performance. In addition, increased blade stiffness reduces fan performance. In multi-blade PE fans, the
number of blades has a significant effect on the Nusselt number. It has been determined that the
Schlieren type PE fan operates 3 dB quieter than the conventional motor fan. It has been stated that the
number of PE patches used in the fan blade reduces the power. It is found that the vibration mode with
the best performance is the first vibration mode. Higher modes reduce performance and energy
consumption.
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ABSTRACT

Within the scope of this paper, a system that can direct the thrust of solid propellant rocket engines
will be built. This method will provide high mobility for hybrid and liquid propellant rocket engines.
The rocket will react to external effects (wind, etc.) that may occur while cruising. Sensors such as
GYRO and IMU on the system are called TVC (Propulsion Vector Control), which provides the
balance of the rocket by directing the thrust in the opposite direction of the rocket's trajectory. It
also meets the requirements for angular speed control, route linearity and immediate response to
emergencies. The design of the system has been created according to geometric properties,
kinematics and forces, energy requirements, safety, cost, control methods requirements. Regarding
the management of TVC, a literature review on TVC system design has been made first. Analyzes
will be made taking into account the thrust and combustion time of the engine used. The system will
be designed according to mechanical and avionic design principles. All of this is filtered out by
focusing on the relevance, adaptability, economy and consistency of production. Itis aimed to solve
and support the software and algorithms to be created (differentiated design), thrust vector angular
position and other motion problems through flow charts. With the possible design we mentioned in
the report, we aim to solve similar examples of our project and to eliminate the question mark in our
minds to some extent. Our project management will be carried out in accordance with work
schedules, risk management and research facilities. We aim to work on projects such as literature
research, system conceptual design, system visual design, preparation of the final design and the
final report of the system.

Keywords: Thrust vector control, conceptual design, engineering design, product developming

1 Introduction

Propulsion Orientation consists of the modulation ofthe thrust vector in a variable direction other than
the axial direction. The practical application ofthe thrust vector is achieved by mechanically turning the
nozzle in different directions. By forcing and manipulating the flow in a nozzle with fixed geometry,
the same effect can be achieved without operating mechanical equipment [1]. The second method, Fluid
Drive Direction (FTV), uses auxiliary vents to actively manipulate and control the primary airflow to
the breast. The injected fluid forms a variable "artificial” nozzle border, and the discomfort caused by
secondary flow strain makes the breast wall pressure distribution asymmetrical. The resulting effect is
a lateral force on the breast, which can be seen as the lateral component ofthe thrust vector.

In addition to providing a propellant to the rocket, it can provide moments to rotate the rocket.
Therefore, it can control the attitude ofthe rocket and the path of flight. The direction of the propulsion
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vector can be controlled by the mechanism, controlling the rolling and rolling motion of the rocket, and
this control is effective only when the propulsion system is running and generating exhaust jets. During
the flight, when the rocket propulsion system is not fired, and therefore the propulsion vector control
does not work, the rocket must be provided with a separate mechanism to maintain control of its own
state or flight path. In this context, the guidance of the system operating with the help of servo motors
is determined as the main purpose of this article [2].

Within the scope of this article, a system capable of directing the thrust from solid-fuel rocket engines
will be made. This approach will provide high maneuverability for hybrid and liquid-fueled rocket
engines. The rocket will react to external influences (wind, etc.) that may occur while traveling. Sensors
such as gyroscope and pressure on this system, called TVC (Thrust Vector Control), ensure to keep the
rocket in balance by directing the thrust in the opposite direction of the rocket trend. It also meets
requirements such as angular speed control, route linearity, and instant reaction to unexpected situations.
There will be 2 servo motors on the thrust steering system. The servo motors are positioned to move on
the X-axis and the Y-axis, and thanks to the gyroscope sensor on the system, the motors angle in the
opposite direction of the rocket trend and the nozzle is moved by the shafts connected to the motor [3].

The design of the system is formed in accordance with the requirements of geometric properties,
kinematics and force, energy requirements, safety, cost, control and operating methods. In order to
manage TVC, a mixed mathematical model was first put forward by conducting a literature search for
TVC system design. Analyses will be carried out by considering parameters such as the thrust force of
the engine used, the burning time. The system will be designed based on avionics and mechanical design
principles specific to acrospace disciplines. All these are filtered with care for suitability for production,
easy integration, economy and consistency. With the software and algonthms to be created, the problems
were intended to solve movements such as the angular position of the thrust vector and were supported
by flow diagrams [4].

The mechanism made in this study works more effectively than systems such as Vacuum-Compatible
6-Axis Hexapod. It also includes the same avionics and software components as other Thrust Vector
Systems. In this way, a design that can be integrated into all low altitude rockets has been revealed. The
accuracy of all calculations and cost analyzes used in the production of the system has been examined.
The design and software have been optimized for the stable operation of the system.

1.1 Movement of Rockets

Rockets are mainly aimed at getting out of the influence of the force of gravity. For this reason, a rocket
must get rid of gravity in order to take off. If a force does not act on the rocket, the rocket naturally
retains its status due to the law of immobility. In this part, the rocket engine comes into play. The task
of the engine is to create the power to the rocket to move itself.

The rocket engine is powered by gases. For this, the gases suitable for rocket construction are heated
with very high temperature. With this heat, the gas molecules begin to move rapidly, and the spraying
effect caused by the movement of the gas exerts a force, which in tum moves the rocket.

It is not easy for the rocket to move from a state of immobility to a moving state. For example, your car
moves comfortably on the highway thanks to its rotating wheels, or a train pushes the tracks backwards
and moves forward. But there is no ground on which the rocket will receive power in this way. Rockets,
therefore, ensure their movement in space with Newton's law of motion, known by Newton's statement
that "there is a reaction to every effect” [3].
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1.2 Rocket Fuel Preferences

There are two characteristics that are important in the selection of fuels used in spacecraft; The first is
the change caused by a certain amount of fuel in the momentum of the spacecraft. The second is the
magnitude of the thrust force generated by the fuel. The magnitude of the thrust is of great importance.
A rocket needs to reach a speed of 28,000 km to orbit a satellite, and 40,000 km to escape the
gravitational pull of the same rocket. At the same time in the selection of fuel; the stability of the fuel,
its easy and safe storage and its cost are also considered. Rocket fuels are generally divided into two,
liquid rocket fuels and solid rocket fuels. In rockets where liquid fuels are used, fuel and liquid oxygen
are sent to the reservoir where combustion will take place. The thrust caused by the gas generated by
the combustion as it exits the rocket accelerates the rocket [6].

The history of solid fuels goes back to earlier than liquid fuels. But they are not very preferable. This is
because the speed of the rocket cannot be controlled as desired when they are bumed. At the same time,
it is not possible to stop solid fuels after reacting. For this reason, solid fuels are mostly used in support
rockets that are separated from the original rocket after providing the initial speed that the rocket needs.

1.3 Solid Fuel Rocket Engines

The best part of solid-fuel rockets is that they are simple. The rocket simply consists of three parts. The
first part is the load (satellite or explosive), the second part is a single fuel tank with a combination of
flammable and caustic material, and the third part is exhaust. They are usually used to carry loads in or
to the upper parts of the atmosphere. There is no engine assembly that allows and controls the
combustion of fuel. They are the most widely used types of rockets in the military field. They can be
very small in volume and size compared to liquid-fueled rockets. In the military, rockets used against
tanks and planes over the shoulder use this type of fuel. They have larger wings so that they do not
deviate from their course due to the resistance of air in the atmosphere [7].

In solid-propellant rockets, flammable and caustic substances are mixed homogeneously as much as
possible. Therefore, if the mixture is not homogeneous, it causes regional explosions in the rocket's
combustion chamber and exhaust output, so the rocket's speed 1s not regular. Their biggest advantage is
the high thrust power. They provide thrust twice as great as liquid-fueled ones. Since the exhaust
temperatures are very high, the fuel tank and the exhaust must be very robust. Some rockets have some
additional devices that cool the exhaust. There is no mechanism that controls the speed and burning rate
of the rocket. The absence of additional devices can be considered an advantage in one place, as it
reduces the load of the rocket.
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Figure 1: Cut image of solid fuel rocket engine [7]
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Figure 2: Detonated views of the solid-fuel rocket engine [7]

1.4 Flexible Nozzle Joint

Flexible articulated TVC systems are used today in large strategic and satellite launch systems, as well
as tactical systems that require a vector angle of 5°-15°. Flexible nozzle joints have a layered structure,
which is formed by gluing and reinforcing the elastomer. Its layers are connected to each other together
with the front and back rings. Orientation is achieved through shear deformation of elastomeric layers.
Reinforcing layers are made of metal (steel) or composites. Elastomers used so far, silicone, natural
rubber and synthetic polyisoprenes. These elastomers are used at a wide range of temperatures, making
them suitable for submerged nozzles. With increasing vector angle, pressure, flexible joint torque values
increase and create deformation in a shorter time. The general application in this type of nozzle joints is
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spherical, but there are applications of tapered design. When deflected at an angle in any direction, the
layers of elastomer are subjected to cutting. The deformation and hardness of the rotated layers with a
certain ratio of the total vector may vary depending on the angle. Flexible nozzle connection design
involves the choice of connection configuration, the number of reinforcing elements and the choice of
material can vary according to multiple factors such as elastomers [8].

1.5 Jet Deflector / Jet Tab / Jetavator TVC Systems

In these systems, mechanical deflectors are placed around the exit zone ofthe nozzle and the propulsion
vector control is provided by this deflector located at the outlet. They do not create a rolling moment on
these systems. Jet deflectors and jet tabs have blunt structures created to prevent flow at the nozzle
outlet. Therefore, the use ofjet deflectors and jet blades causes excessive loss of power. The JD at the
end ofthe insertion nozzle causes the shock wave to occur before the deflector, and the pressure on the
deflector increases. The resulting pressure increase also creates a side force.

This side force is directly proportional to the values ofthe JD field. The side force is adjusted by moving
the JD at the nozzle output to enlarge and decrease the nozzle output area differs for side force.
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Figure 4: Jet wings and jet deflectors-tabs [8]

1.6 TVC System With Jet Valve

Jet Vane TVC systems are one of the effective TVC systems used in missiles. In TVC systems with jet
wings, a blade is placed at the nozzle outlet and at the base of the blade. It follows the contour of the
nozzle. In addition to the rolling moment relative to the center line, the jet creates moments of wohble
and wobble. Jet wing control work was first used on the German V-2 missile. The sash is characterized
by any small fins or plates that are located directly at the outlet. The principle of creating control forces
using the flow of the nozzle, the wings, to control the thrust vector is like generating supersonic wing
buoyancy. In the upward movement, the pressure difference and the lower sides of the jet wing provide
a normal force to the beam ofthe jet. Normal force has a component in the direction of lifting, it is also
called the side force. Itis useful to control the force and missile with a security system. The main purpose
ofthe design of ajet wing is to create a side wing. What is really created here is that there is no loss of
force with minimal drag [9].

Figure 5: Jet propeller system [9]

2 Methodolgy
2.1.1 Propulsion Guidance System Design Specification

The design specification of the Propulsion Guidance System to be made here is aimed to be tabular and
amore stable design is revealed.
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Demands (D) are the characteristics that the nature-inspired system must meet. Wihes (W) refers to the
secondary characteristics that can be found in the device.

Table 1: Design Specification

DESIGN SPECIFICATION
D/W D/W
Geometric Features: D Security: D

e Parts can be produced easily. * Enviromental Security

e Easy to integrate into the rocket * Matenal Safety
e Designing the parts so that they are

: ) Cost:
intertwined

) e Be Comptetive
e System consistency p W

Control And Operation

Kinematics and Force: A% Y% e Ease of assembly w
e Have a high degree of freedom *  Propulsion Vector Control ?’V
e The inertia unit  provides * Digital control
relationships  between command
angles, servo motors connected to
the spindle and system position Material:
e Defining an internal fixed reference e Rigidity D
e High temperature resistance W
Energy Requirement: * Durability W
D e Lightness \\Y

e There is an energy need to drive
avionics systems and servo drives
along the route.

e Low voltage

2.1.2 Overall Function

Overall function of the system; The energy input of the system is referred to as the electrical energy of
the servo motors, the energy output of the system is also referred to as the mechanical energy generated.
The thrust guidance system, which is designed as material input, is discussed. The material output is the
delivery of the product to the customer. The signal input is the operation of the system through the
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control unit, the signal output is the system movement with the servo motor movement in 2 axes with
the energy we provide from the battery [10].

Mechanical Energy

------ k The Product Is Delivered To The Customer

s’ With Servomotor Movement in 2 Axis
System Movement

Figure 6: Overall function

2.1.3 Subfunctions

The subfunctions of the generated thrust guidance system are determined. According to the determined
aerodynamic limitations, the rocket body is formed, and the product is obtained. According to the area
of use, it is used in tasks such as vertical landing rocket steering, space space activities and directing

warplanes.

Figure 7: Subfunctions

2.1.4 Possible Designs

Movable Nozzle Thrust Vector Control Systems

The combustion gas is vectorized and moved by the deflection ofthe nozzle to achieve the desired thrust
vector control. Moving nozzle systems are one of the most efficient. Since the system produces a thrust
vector, the loss is much less than other systems.

TVC systems with moving nozzles do not have mechanical deflectors or other deflectors that can alter
the nozzle angle and cause a loss of axial thrust in the flow [11].
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Figure 8: Movable nozzle control systems [11]

Gimbal Type Nozzle

TVC systems with movable nozzles are classified according to minor differences. In moving nozzle
systems, the divergent part of the nozzle can be rotated independently. In the moving TVC system, the
external geometry is divided into two parts: the throat and the fixed part. The expansion part is the
moving part, and the moving part is the fixed part. The outer geometry of the most moving part is
rounded and integrated like a hinge so that the fixed part can rotate around (Figure 4).

Figure 9: Gimbal type nozzle [11]

Fixed Nozzle Propulsion Vector Control Systems

In these systems, thrust vector control is provided by deflecting the exhaust gases of the rocket engine
using mechanical obstacles. Such systems use ajet flap or ajet deflector. Jet wings, which mechanically
change the direction of flow in the nozzle outlet area, change the direction of flow with small wings
placed on the inner surface ofthe aircraft and provide rotational torque overjet deflector systems.
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Figure 10: Fixed nozzle control system [11]

Secondary Injection Propulsion Vector Control Systems

TVC systems with secondary injection work on the principle that the flow of propellants in a fixed
nozzle is driven by another secondary hot or cold gas injected (Figure 4). The secondary injection directs
the flow of gas in the nozzle by disrupting the supersonic flow to create an oblique shock wave. An
impulse vector is provided by the torque produced [12].

Figure 11: Secondary injection control systems [12]

Evaluation of Proposed Solutions

Determined criteria; easy maneuverability, reliability aviation compliance, aerodynamic structure, light
weight are the features expected in the vehicle

* Easy maneuverability: The length, position and dimensions of the designed system should be done
carefully for the system to maneuver easily in the air and to ensure smooth air climbing and advancing.

* Reliability: flight safety, electrical and systemic security ofthe system must be ensured.

* Aaerodynamic structure: Since the vehicle will be exposed to high altitude and aerodynamic forces in
the air, the external structure must be designed appropriately according to aerodynamic forces and

resistances.
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* Lightness: The total rocket weight is required to be at the lightest values with payload so that the
system can travel longer distances while moving through the air [13].

Objective Tree

There are 5 criteria determined in the vehicle such as easy maneuverability, reliability, aerodynamic
structure suitable for public transport and individual use, lightness. It has a weighted value of 20% of
all these determined criteria [14].

Figure 12: Objective Tree
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Table 2: Evaluation of solutions

Movable Fixed Nozzle Se?onfiary
Nozzle . . Injection
Gimbal Propulsion .
. Thrust Propulsion
Value Analysis Type Vector
Vector Vector
Nozzle Control
Control Svstems Control
Systems y Systems
Criteria Ratio Value | w Value | w Value | w Value |w
1) Maneuverability | 0,2 1 02 |2 0,6 |3 05 |3 0,5
2) Cost-Effectivenes | 0,2 2 0,8 |2 02 |2 06 |2 0,6
3) Reliability 0,2 3 05 |2 0,5 (2 0,8 |2 0,8
4) Aviation 0.2 2 02 |2 0.5 |2 0,65 |2 0,65
Compliance
S) Simple 0.2 2 09 |1 02 |1 0.8 |1 0.8
Production
6) Weight 0,2 1 08 |2 02 |3 07 |3 0,7
TotalX =1 |Xw=45 Tw = 3,85 Tw =4,05 Tw=3.7

Evaluation of Proposed Solutions with Table

Each of the proposed design solutions has been evaluated. Each design criterion is compared and
scored 0-4.

Clearly, the possible design of the Moving Nozzle Thrust Vector Control Systems scored more points
than any other possible design. It was decided to do the Movable Nozzle Thrust Vector Control System.
2.2. Mathematical Model the System

2.2.1. System Dynamics

The rotational dynamics of a general rigid body of this system is described by Euler's equations. But the
system described is not a completely rigid body.

The body is constant, as we have the relative movement of the motor relative to the whole system.

and the dynamics of the engine itself. In the most general case, Euler's equations (Eq.1 ) were used for
the s claim analyzed.

o' =—1w + Maem + Mying + Mais + Mryc + Mpes — w x 1w (1)
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Here matm Ve Mwind, represents the extemal moments acting on our rocket.

Mtvc Ve Mrcs forces, respectively, the draging force and the moments due to the presence of the wind,
Mdis represents the control torques applied against defects such as fuel bloating.

= 1-1 + (Matm + Mwind + Mdis + MTVC + MRCS - " X Iw ¥}

It is designed to analyze the feasibility liteness and effectiveness ofthe TVC system, which is designed
to understand what kind of improvements it can lead to with this study. To do this, the actual state of
the prototype in the air is simulated, and the TVC is handled in the attitude holding function. Therefore,
assuming the prototype is suspended in the air, the drag on the impact is assumed to be small and is
considered negligible.

Nox Ix + (Mwindx + Mdisx + Mtvex + (Iy Iz )"y X €))
Ny ly + (Mwindy + " disy + 2 TVCy + (lz Ix )»z x " x (4)
Nz Iz + (Mwind,z + Mdis,z + Mtvez + (Ix ly )" xx"y ®)

Since different terms describing the control torques applied by the two control systems are known, they
can be written in analytical terms. As it relates to what the RCS system is concerned with, due to the
specific placement of the thrusters shown, the given control torques must be reflected on the pitching
and deflection axes, since they are aligned with the main axis of inertia. However, theloop-free channel
of this s is the only channel where RCS is considered. About the TVC, obviously, the two control
torques applied to the pitching and deflection motion are interconnected as they are provided by the
same actuator (motor).

Figure 13: Thrust Vector Spherical Decomposition
where T represents the thrust vector, Sis the gimbal offset angle, and $is defined.

gimbal rotation angle. The demonstration usedis given below (Eg. 6, 7).
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—90 + < £ < 90 - (6)
=5 e < 8§ <5 o (M

& 1s a positive rotation around z.

- &= 0and &> 0 give a positive pitching moment (moment around it)y’

According to Figure 13, the components of the thrust along the three body axesare as follows (Eq. 8, 9).

. —sindcos§
T = T—sindsing )
cosd

S on, the moments acting on the body are as follows:

—sindsing
MTVC = Tl—Sl:né‘COSE (9)
0

Here 1 is the distance between the center of mass and the thrust centerof gravity. This coincides with

the thrust center gimbal tuming point.
2.2.2 Cost function and Riccati equation

With differential equations, the system can be written in the form of aset of linear equations in the form

of a space state (Eq. 10).
x = A,+ B, (10)

where x and u represent the state vector and the input vector, respectively. These two matrices A and B
are referred to as state matrix and input matrix. This set of equations is usually complemented by the

output equations (Eq. 11, 12).
y =C.+ Dy, (11)
J = ifo"(fox +u” + Ru)dt (12)

Q and Rare square diagonal matrices in sizes (nxn) and (mxm), respectively. where n is the length of

the state vector and m is the length of the input vector (Eq. 13-18).

H = xTQx + UTRu + AT (Ax + Bu) (13)
u=—-R"1BT) (14)
A =Sx+S(A—BR'BTS)x (15)
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—S =SA + AT — BRIBTS + Q (16)
u(t) = RBTS(t)x (17)
Kope = R7IBTS (18)

We see that the solution of the Riccati equation provides the optimal control law, which must be
formulated in such a way as to minimize the cost function. Not always, the solution of the Riccati
equation is not always possible, but onlyexists under certain conditions. The conditions mentioned in

the literature are as follows.

HDQ>0veR>0

2) The pair (A, C) is observable

3) The pair (A, B) can be checked

These conditions need to be mentioned because they indicate a weakness.

Although the quaternion notation parameter has several advantages, a linear model based on the exact
probability of the four components cannot be precisely controlled, which makes it impossible to
implement a classical LQR control. However, it has been shown that a reduced pattern of quaternioncan
also be handled. K is a system that is controlled by considering only three vectorsl components of the

uternion. We will examine this reduced quaternion model in the form of a subheading.
2.2.3 Reduced quaternion model

Let's use theequations of non-computational attitude kinematics by accepting Quaternion as the scalar

component of the quaternion g4 and simply construct the vectorial part of the q quaternion (Eq. 19, 20).

q =309 + ;qwb (19)
. 1 75
q, = —2wli (20)

In this formulation it has been shown that there is a one-to-one mapping between o and q , for which

It can be replaced by a set of nonlinear attitude kinematics equations that can lead to a linear dynamical

system based on quaternion (Eq. 21-23).
w = 2071q (21)

f@ —q93 q
0=]4q3 [f(@ —¢ (22)

=92 a1 f(q)]
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f(@) =31 ——g12—q,%—q5? (23)

Basically, what is done is to formulate in terms of the 4th kutemion component statement and the other
three components. However, the mapping between w and q “occurs only when ®= 71/2 is not case (Eq.

24, 25).

q, f@ —a; q,]|rw
q, :§ 9; fG@ —q, [wz] (24)
q; -q, q, [f(q]l9%3

[w=u-wxIlw (25)
where u = [ul,u2,u3]T represents the vector of control torques on the body axis, applying Taylor
expansion to this given formulation we derive the final linear reduction work quaternion model, and by

going through h stubs, we can obtain the final expression of the linear equation as follows (Eq. 26)

=17 ollal+ o, -
[q.]_[l 2 o [q]+ q0,| %= Ax + Bu (26)
With this inference, it is fully controllable and solves the typical problem of full quaternion dynamics.

The derived model can show us much more useful results when a linear analysis is performed in terms
of quaternion. However, as explained earlier, the evaluation of the behavior of the TVC system in this

study is that the prototypeperforms a contro led landing while performing a landing.
2.3. Mechanical Design of the System

During the mechanical design phase, many issues such as manufacturability, cost, mechanism stability,
precaution against problems that may occur during the thrust guidance phase are examined. In the
process up to the final design stage, it is aimed to make the most perfect design with all revisions. 2
Power HD Mini Copper Gear Analog servo motors integrated into the system make angular movements
according to the data coming from the gyro sensor. The 2 shafts connected with the help of the 25T
servo arm move the part at the output of the rocket motor thrust vectorally. In this way, the thrust coming
out of the nozzle is directed in a vectorial way. Also, while producing prototypes, compliance with
engineering standards was also checked.
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Figure 14: TVC CAD Modeling

Figure 15: Prototype of the system
3 Results and Conclusions

In this study, a propulsion guidance system (TVC) was developed to be used in innovative low-altitude
rockets that would use solid-fuel engines. This study, which is at the conceptual level, was produced
and mechanical experiments were made. The next step in this work is to conduct experiments with a
real solid-fuel rocket engine and analyze more consistent data. Today's rockets use conventional

guidance systems. However, inthe coming years, it is foreseen that this system will develop in order to
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grow space and aviation, to spread space tourism, and to obtain more stable rockets in the defense
industry. Therefore, as one of the next studies, it is aimed to make a hybrid rocket-powered cargo or a
rocket capable of carrying people to be used entirely in space tourism.
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